In cortical neurons, pore-forming ␣-subunits of the Kv4 subfamily underlie the fast transient outward K ϩ current (I A ). Considerable evidence has accumulated demonstrating specific roles for I A channels in the generation of individual action potentials and in the regulation of repetitive firing. Although I A channels are thought to play a role in synaptic processing, little is known about the cell typeand synapse-specific distribution of these channels in cortical circuits. Here, we used immunolabeling with specific antibodies against Kv4.2 and Kv4.3, in combination with GABA immunogold staining, to determine the cellular, subcellular, and synaptic localization of Kv4 channels in the primary visual cortex of mice, in which subsets of pyramidal cells express yellow fluorescent protein. The results show that both Kv4.2 and Kv4.3 are concentrated in layer 1, the bottom of layer 2/3, and in layers 4 and 5/6. In all layers, clusters of Kv4.2 and Kv4.3 immunoreactivity are evident in the membranes of the somata, dendrites, and spines of pyramidal cells and GABAergic interneurons. Electron microscopic analyses revealed that Kv4.2 and Kv4.3 clusters in pyramidal cells and interneurons are excluded from putative excitatory synapses, whereas postsynaptic membranes at GABAergic synapses often contain Kv4.2 and Kv4.3. The presence of Kv4 channels at GABAergic synapses would be expected to weaken inhibition during dendritic depolarization by backpropagating action potentials. The extrasynaptic localization of Kv4 channels near excitatory synapses, in contrast, should stabilize synaptic excitation during dendritic depolarization. Thus, the synapse-specific distribution of Kv4 channels functions to optimize dendritic excitation and the association between presynaptic and postsynaptic activity.
Introduction
In the peripheral and central nervous systems, voltage-gated K ϩ (Kv) channel pore-forming (␣) subunits of the Kv4 subfamily underlie the fast transient outward K ϩ current (I A ), an important determinant of action potential threshold, waveform, and firing frequency (Song et al., 1998; Malin and Nerbonne, 2000; Tkatch et al., 2000; Yuan et al., 2005) . In hippocampal and neocortical pyramidal cells and in interneurons, I A is synaptically regulated and controls the backpropagation of action potentials into dendrites, which activates Ca 2ϩ , Na ϩ , and NMDA receptor channels and influences the dendritic integration of synaptic inputs (Hoffman et al., 1997; Goldberg et al., 2003; Cai et al., 2004; Korngreen et al., 2005; Losonczy and Magee, 2006) . Although progress has been made in defining the roles of I A in controlling neuronal excitability and synaptic plasticity (Frick and Johnston, 2005) , little is known about the influence of I A on synaptic processing in neocortical circuits. A key question is how Kv4 channels are distributed in different cell types, dendrites, and at synapses of cortical circuits.
In situ hybridization studies in rat have shown that Kv4.2 and Kv4.3 mRNA expression varies in different areas and layers of neocortex (Serô dio and Rudy, 1998) . Similar variations exist in the expression of the Kv4.2 and Kv4.3 proteins, except that in middle layers of rat neocortex, Kv4 immunostaining density is low relative to mRNA levels . Regardless, the laminar patterns suggest that Kv4 expression in neocortex is circuit specific. In rat parietotemporal cortex, antibodies against Kv4.2 label the apical dendrites of pyramidal cells, which lack Kv4.3 . In contrast, Kv4.3 antibodies label the somata and dendrites of nonpyramidal neurons, which lack Kv4.2 . Thus, it is thought that, similar to the hippocampus (Sheng et al., 1992; Maletic-Savatic et al., 1995; Rhodes et al., 2004) , neocortical Kv4 channels are contained in somatodendritic membranes and that Kv4.2 is present only in pyramidal neurons, whereas Kv4.3 is expressed in interneurons .
Studies in mouse hippocampus and rat cerebellum showed that Kv4.2 and Kv4.3 immunoreactivities represent membranebound clusters (Jinno et al., 2005) . Some of the clusters were found to be associated with subsets of synapses. In rat supraoptic nucleus, Kv4.2 clusters are concentrated at asymmetric synapses (Alonso and Widmer, 1997) , whereas in rat cerebellar granule cells and mouse parasubiculum, Kv4.2 clusters are excluded from asymmetric synapses but instead are expressed at symmetric synapses (Jinno et al., 2005; Strassle et al., 2005) . In contrast, in rat cerebellar climbing fiber/interneuron synapses and contacts between olfactory mitral cell dendrites, Kv4.2 and Kv4.3 are localized at novel nonsynaptic junctions (Kollo et al., 2006) . Thus, it appears that whenever Kv4 clusters are associated with synapses, the association is circuit specific.
This study was undertaken to determine the expression patterns of Kv4.2 and Kv4.3 in mouse neocortex. The results show that Kv4.2 and Kv4.3 are expressed in membranes of somata, dendrites, and spines of pyramidal cells and GABAergic neurons. Both subunits are present in GABAergic synapses but are excluded from non-GABAergic synapses.
Materials and Methods
Experiments were performed on 6-to 8-week-old wild-type, transgenic yellow fluorescent protein (YFP)-expressing (H-line) (Feng et al., 2000) , Kv4.2 Ϫ/Ϫ (Guo et al., 2005) , and Kv4.3 Ϫ/Ϫ (J. M. Nerbonne, unpublished observation) C57BL6/J mice. All experimental protocols were ap- arrows; A, B) . B, C, Kv4.2 clusters (red, yellow) are associated with YFP-labeled (green) pyramidal cell somata and with basal and apical dendrites. D-F, High-magnification images of the boxed apical proved in advance by the Washington University Animal Studies Committee.
Light microscopy. Mice were anesthetized by intraperitoneal injection with a mixture of ketamine (87 mg/kg) and xylazine (13.4 mg/kg) and were perfused through the left ventricle with PBS containing heparin (100 U/ml), followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brains were postfixed in the same fixative for 2 h at 4°C and washed overnight in 0.1 M PB at 4°C. Vibratome sections were cut in the coronal plane at 25 m. Sections were treated with 0.5% sodium borohydride, followed by 0.3% H 2 O 2 and 50% ethanol in PB, washed, and blocked with 10% normal donkey serum (NDS) and 0.01% Triton X-100 in PB. After washing, the sections were incubated (overnight at 4°C) in primary antibodies in PB containing 5% NDS and 0.01% Triton X-100. For single immunostaining experiments, the following antibodies were used: mouse anti-Kv4.2 (K57/41.1, K57/1.1, 1:1000; NeuroMab, University of California Davis, Davis, CA), rabbit anti-Kv4.2 (APC-023, 1:1000 -1:5000; Alomone Labs, Jerusalem, Israel), rabbit anti-Kv4.2 (AB5928, 1:1000 -1: 5000; Chemicon, Temecula, CA), goat antiKv4.2 (C-20, 1:200; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-Kv4.2 (x1038, x1505, 1:1000; Exalpha Biologicals, Watertown, MA), mouse anti-Kv4.3 (K75/41, 1:1000; NeuroMab), rabbit anti-Kv4.3 (APC-017, 1:1000 -5000; Alomone Labs), rabbit anti-Kv4.3 (AB5194, 1:1000 -1:5000; Chemicon), and goat anti-Kv4.3 (C-17, 1:200; Santa Cruz Biotechnology). Sections were washed and incubated (1:500, 1 h, 21°C) with one of the following fluorescently labeled secondary antibodies: donkey anti-mouse Cy3 (Jackson ImmunoResearch, West Grove, PA) or donkey anti-rabbit Cy3 (Chemicon); donkey anti-goat Cy3 (Jackson ImmunoResearch).
To test whether Kv4 subunits are expressed in astrocytes, pyramidal cells, or GABAergic interneurons, sections were exposed to a mixture of the mouse anti-Kv4.2 (K57/41.1, 1:1000; NeuroMab) or the mouse antiKv4.3 (K75/41, 1:1000; NeuroMab) antibody with a rabbit anti-GFAP primary antibody (G-9269, 1:2000; Sigma, St. Louis, MO), a rabbit antineurofilament (N-4142, 1:2000; Sigma), or a rabbit anti-GABA primary antibody (A2052, 1:2000; Sigma). Coexpression was detected with donkey anti-mouse Cy3 (1:500; Jackson ImmunoResearch) and donkey antirabbit Cy5 (1:500; Jackson ImmunoResearch) secondary antibodies. After washing, sections were mounted onto glass slides and coverslipped with Vectashield (Vector Laboratories, Burlingame, CA). Selected sections were counterstained with cresyl violet to reveal cortical layers and areal borders. Microscopic analyses were performed with an epifluorescence microscope (Eclipse-800; Nikon, Tokyo, Japan) equipped with a cooled CCD camera (Optronics, Goleta, CA). High-resolution digital images were captured with a confocal microscope (FV500; Olympus, Tokyo, Japan) and assembled from stacks of images taken at 0.25 m steps. Figures were assembled using Photoshop CS2 software (Adobe Systems, San Jose, CA).
For quantitative analyses of Kv4.2 and Kv4.3 expression in GABAergic neurons, GABA-only and GABA plus Kv4-labeled neurons were counted in 1-mm-wide strips across all layers of the primary visual cortex (area V1). Percentages were determined from nine sections derived from three different animals.
Electron microscopy. Mice were anesthetized and perfused as described for light microscopic experiments, except that the fixative was a mixture of 4% paraformaldehyde, 0.5% glutaraldehyde, and 0.1% picric acid in PB, pH 7.4. Postfixation, sectioning, blocking treatment, and incubation in mouse anti-Kv4.2 (K57/41.1, 1:500) or mouse anti-Kv4.3 (75/41, 1:500) were as described for the light microscopic studies, except that the solutions contained normal horse serum without Triton X-100 and biotinylated horse anti-mouse (1:200; Vector Laboratories) secondary antibodies were used. Immunoperoxidase staining was performed with an ABC Elite kit (Vector Laboratories), 0.005% H 2 O 2 , and 0.5% diaminobenzidine. Sections were fixed in 1% OsO4, dehydrated in ethanol and propylene oxide, and flat embedded in Durcupan resin (Fluka, Ronkonkoma, NY). Tissue pieces containing layer 2/3 of the primary visual cortex were glued onto blocks of resin and resectioned on an ultramicrotome (Ultracut E; Reichert, Depew, NY). Thin sections were mounted on 300 mesh nickel grids and stained with 1% uranyl acetate and Reynolds lead citrate. Selected grids were used for postembedding GABA immunogold staining. For this purpose, sections were washed in Tris-buffered saline (TBS), pH 7.6, and treated in 2% fish gelatin, 1% bovine serum albumin (BSA), and 0.02% Triton X-100 in TBS. Sections were then incubated in rabbit anti-GABA antibody (A2052, 1:5000; Sigma) in 0.2% fish gelatin, 0.1% BSA, and 0.02% Triton X-100. After washing in TBS, pH 8.2, sections were treated with goat anti-rabbit secondary antibody conjugated to 15 nm gold particles (1:25; Amersham Biosciences, Arlington Heights, IL) in TBS, pH 8.2. Finally, sections were stained with uranyl acetate and Reynolds lead citrate. Ultrastructural analyses were performed in a Jeol-100 electron microscope.
Results

Specificity of Kv4.2 and Kv4.3 antibodies
To test the specificity of Kv4.2 and Kv4.3 antibodies, sections from mice in which the KCND2 [Kv4.2 Ϫ/Ϫ (Guo et al., 2005) ] or the KCND3 [Kv4.3 Ϫ/Ϫ (Nerbonne, unpublished observation)] locus was deleted by homologous recombination were used. Despite the absence of the Kv4.2 and Kv4.3 proteins in the targeted deletion mice, we found that the polyclonal rabbit and goat antibodies from Alomone Labs, Chemicon, Exalpha Biologicals, and Santa Cruz Biotechnology used at many different concentrations labeled cell bodies and neuropil in the cerebral cortex, hippocampus, and cerebellum. This nonspecific staining is illustrated for the goat anti-Kv4.2 antibody (Santa Cruz Biotechnology), which intensely labeled cell bodies and weakly stained the neuropil in the visual cortex of Kv4.2 Ϫ/Ϫ mice (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Similar results were obtained with the goat anti-Kv4.3 antibody (Santa Cruz Biotechnology), which produced punctate labeling of somata and dendrites in the cortex of Kv4.3 Ϫ/Ϫ mice (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). In contrast, no staining was evident in Kv4.2 Ϫ/Ϫ brain sections exposed to mouse monoclonal antibodies directed against an epitope in the S1-S2 extracellular loop of Kv4.2 (K57/1.1, K57/ 41.1; NeuroMab) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Similarly, Kv4.3 Ϫ/Ϫ sections stained with a mouse monoclonal antibody against the intracellular C terminus of Kv4.3 (K75/41; NeuroMab) were blank (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), resembling results obtained in control experiments in which primary antibodies were omitted. The monoclonal mouse anti-Kv4.2 and anti-Kv4.3 antibodies therefore appear to reliably detect only the targeted Kv4 proteins. These monoclonal antibodies were used in all of the studies described here.
Kv4.2 and Kv4.3 are expressed in pyramidal and GABAergic visual cortical neurons
Using the monoclonal anti-Kv4.2 and anti-Kv4.3 antibodies, immunofluorescence was found in all layers of the primary visual cortex (Fig. 1 A, B; supplemental Fig.  1 , available at www.jneurosci.org as supplemental material). Both subunits are most strongly expressed in layers 1 and 4 and the bottom of layer 2/3. Staining is weaker at the top of layer 2/3 and in layers 5 and 6. However, the layer 5/6 border is typically marked by a narrow, slightly more intense band (Fig. 1 B) . A similar laminar distribution of Kv4.2 and Kv4.3 was found in the barrel field of the primary somatosensory cortex. In this area, however, staining in layer 4 is non-uniform and is much stronger in barrel centers than in the septa between barrels (Fig. 1C,D) .
In all layers, anti-Kv4.2 staining appears to be more highly concentrated in the neuropil than in cell bodies (Fig. 1 A) . At high magnification, Kv4.2 expression in the neuropil looks punctate and shows little organization, suggesting a preferential association with a complex network of thin processes (Fig. 2 A, D) . Doublelabeling experiments with antibodies against Kv4.2 and GFAP showed that Kv4.2 is not expressed in astrocytes (data not shown), suggesting that Kv4.2 puncta are associated with neuronal elements. To identify the elements associated with Kv4.2 subunit clusters, experiments were performed on the visual cortices of transgenic mice (YFP-H) (Feng et al., 2000) that express YFP in a subset of layer 5 and 6 pyramidal cells, which are readily identified under epifluorescence illumination by the spine-covered dendrites (Fig. 2 B, E) . High-resolution confocal microscopic images of anti-Kv4.2-stained YFP-H sections revealed that Kv4.2 clusters are associated mainly with pyramidal cell dendrites, particularly with thin branches and spines (Fig. 2C,F ) . In contrast, the Kv4.2 labeling density of pyramidal cell somata is sparse (Fig. 2 A, C) . Dual immunofluorescence labeling with antibodies against GABA and Kv4.2 also showed that Kv4.2 is expressed in the somata and dendrites of GABAergic neurons and was detected in ϳ30% (24 of 62) of all GABAlabeled cells (Fig. 3) .
Similar to Kv4.2, anti-Kv4.3 staining appears punctate, is highly concentrated in the neuropil, and is relatively sparse in cell bodies (Figs. 1 B, 4A, D) . Kv4.3 immunostaining in the visual cortices of YFP-H mice (Feng et al., 2000) showed that many puncta are associated with the somata and dendrites of pyramidal cells (Fig. 4 A-C) . This association was further confirmed in double-immunolabeling experiments, which showed Kv4.3 expression in pyramidal cells that coexpressed neurofilament (Fig.  4 D, E) . In addition to pyramidal cells, we found that Kv4.3 is also expressed in GABAergic nonpyramidal cells (Fig. 5) . In a subset of these GABAergic cells, Kv4.3 puncta are distributed throughout large parts of the dendritic arbor ( Fig. 5A-C; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). In most GABAergic neurons, however, detectable Kv4.3 expression is limited to somata and proximal dendrites (Fig. 5D-F The staining patterns for both subunits appeared as dark clustered deposits in the plasma membrane and the adjacent cytoplasm. Of the total number of Kv4.2-and Kv4.3-immunoreactive clusters, only a small percentage was in the membranes of somata (3-5%) (Figs. 6 E, 7D, 8C) and thick (Ͼ0.8 m in diameter) dendrites (8 -12%) (Fig. 8 B Figure 6 D. A Kv4.3-expressing interneuron with a typical mitochondria-rich cytoplasm and a nucleus with deep infoldings is shown in Figure 7D . From observations in anti-GABA immunogold and anti-Kv4 immunoperoxidase double-labeled material, we estimate that ϳ20% (7 of 35) of Kv4.2-expressing and ϳ30% (15 of 48) of Kv4.3-expressing dendrites are GABAergic.
Kv4.2 and Kv4.3 are localized inside of inhibitory synapses and outside of excitatory synapses
Clusters of Kv4.2 and Kv4.3 immunoreactivities were found to be distributed throughout the entire extent of the somatic and dendritic plasma membranes of pyramidal cells and interneurons, including the necks and heads of spines (Figs. 6 B, C, 7C, 8A ). In contrast, neither Kv4.2 nor Kv4.3 was ever found in presynaptic axon terminals. In addition, we found that the postsynaptic localization of Kv4 subunits in mouse visual cortex is synapse specific.
At asymmetrical (AT1) (Gray, 1959; Colonnier, 1968) , round vesicle-containing, putative excitatory (Peters et al., 1991) synapses onto GABAergic as well as non-GABAergic neurons, both Kv4.2 and Kv4.3 were found perisynaptically (i.e., at or near the edge of the synaptic cleft). At all of these synapses, dark Kv4.2 and Kv4.3 immunoreaction product was readily distinguished from the much lighter postsynaptic density. Examples of this labeling pattern are shown for asymmetric synapses onto GABA immunogold-positive and -negative dendrites and spines (Figs.  6 A, C,D, 7A, B, 8A ). At each of these synapses, dark immunoperoxidase reaction product is present at the periphery of postsynaptic densities and is not directly associated with the dense postsynaptic material. At all asymmetric contacts examined, both Kv4.2 and Kv4.3 were located perisynaptically. Of the total number of asymmetric synapses in the tissue surrounding Kv4-immunostained profiles, ϳ20% (13 of 70) showed perisynaptically localized Kv4.2, whereas slightly fewer (ϳ15%, 8 of 55) asymmetric synapses expressed perisynaptic Kv4.3.
In contrast, at symmetrical (AT2) (Gray, 1959; Colonnier, 1968) , flat vesicle-containing, putative inhibitory (Peters et al., 1991) synapses onto the somata, dendrites, and spines of pyramidal cells and interneurons, both Kv4.2 and Kv4.3 are localized in the postsynaptic membrane (Figs. 6 E, 7C,D) . Double labeling by postembedding staining with an anti-GABA antibody and immunogold detection shows that the presynaptic terminals at Kv4-expressing, symmetrical synapses are GABAergic (Fig. 8) . At these synapses, postsynaptic Kv4 subunit clusters appeared to be located preferentially within the confines of the synaptic region as defined by the limits of the synaptic cleft. Individual Kv4.2 and Kv4.3 clusters were often positioned directly opposite of presyn- aptic active zones, indicated by the high density of synaptic vesicles (Figs. 7C, 8) . At all symmetric contacts examined, Kv4.2 and Kv4.3 were located inside the synapse. Of the total number of symmetric synapses in the tissue surrounding Kv4-immunostained profiles, ϳ15% (9 of 57) showed synaptically localized Kv4.2, whereas Kv4.3 was evident in ϳ25% (17 of 69) of symmetric synapses.
Discussion
Kv4.2 and K4.3 are expressed in cortical pyramidal cells and interneurons of mouse cerebral cortex
The results of the experiments described here demonstrate that both Kv4.2 and Kv4.3 are expressed in clusters throughout the somatodendritic membranes of pyramidal cells and GABAergic interneurons, and are absent in presynaptic axon terminals (Fig.  9) . Similar subcellular distributions of Kv4 clusters have been described previously in rat hippocampus and mouse parasubiculum (Sheng et al., 1992; Maletic-Savatic et al., 1995; Jinno et al., 2005) . In previous studies in rat neocortex, cell type-specific expression of Kv4.2 was inferred from images showing labeled pyramidal cell dendrites . Because no such dendrites were labeled with the Kv4.3 antibody, Rhodes et al. (2004) concluded that pyramidal cells in rat neocortex do not express Kv4.3. However, using double labeling of YFP-labeled pyramidal cells, we demonstrate here that, in mouse neocortex, pyramidal neurons express both Kv4.2 and Kv4.3.
Although the light microscopic evidence is highly suggestive, definitive proof that Kv4.2 and Kv4.3 are expressed in spiny neocortical neurons required electron microscopy. These analyses demonstrate that, unlike in rat parietotemporal cortex , Kv4 subunits are weakly expressed in somata and primary dendrites but are concentrated in distal dendrites and spines. The intense staining of layer 1 (Fig.  1 A, B ) also suggests that in many pyramidal cells, Kv4.2 and Kv4.3 are concentrated in the apical dendritic tufts. The robust expression of Kv4.2 and Kv4.3 in layer 1 appears in conflict with patchclamp recordings in slices of rat somatosensory cortex, which show decreased I A density along the apical trunk of layer 5 pyramidal neurons (Korngreen and Sakmann, 2000) . These recordings, however, did not include tuft dendrites of layer 1 (Korngreen and Sakmann, 2000) . In addition, it has been demonstrated that I A density is increased in distal dendrites of CA1 hippocampal pyramidal neurons (Hoffman et al., 1997) . Thus, in mouse neocortical pyramidal cell dendrites, Kv4 subunits may not be distributed in a simple proximal-to-distal gradient but may have a compartmental, input-specific distribution.
Based on the nonpyramidal cell morphology of immunolabeled cells, Rhodes and colleagues Trimmer and Rhodes, 2004) suggested that Kv4.3 is concentrated in interneurons of the hippocampus and neocortex. The lack of labeled cells with readily identifiable nonpyramidal morphologies, however, made it difficult to know whether interneurons also express Kv4.2. Using double labeling with antibodies against GABA, we demonstrate here that Kv4.2 and Kv4.3 are expressed in the somatodendritic membranes of GABAergic interneurons. The percentages of Kv4.2-and Kv4.3-expressing GABAergic somata and dendrites, however, are not identical, suggesting interneuron type-specific (Markram et al., 2004) differences in Kv4 expression. The quantitative analyses, however, are based on counts of Kv4-expressing GABAergic somata, which do not include cells in which Kv4 subunits are concentrated in distal dendrites. Thus, it is likely that we have underestimated the total and relative percentages of Kv4.2-and Kv4.3-expressing GABAergic neurons. Regardless, recordings in interneurons of mouse visual cortex have shown that fast-spiking, irregular-spiking, and regular-spiking interneurons express A-type K ϩ currents that function to regulate the backpropagation of action potentials and the accumulation of Ca 2ϩ in dendrites (Goldberg et al., 2003) . High density of Kv4.2 and Kv4.3 subunits in thalamocortical input layers A striking finding of the present study is that the densities of the Kv4.2 and Kv4.3 subunits are highest in layer 1, the bottom of layer 2/3, in layer 4, and the layer 5/6 border. A similar laminar pattern was described in mouse somatosensory cortex, stained with antibodies against ERK (extracellular signal-regulated kinase)-phosphorylated Kv4.2 (Varga et al., 2000) . The laminar pattern in mouse, however, differs from that in rat parietotemporal cortex, which shows extremely low Kv4.2 and Kv4.3 expression in layer 4 . Species and methodological differences may account for these discrepancies. Although layer 4, and to a lesser extent layer 1 and the layer 5/6 border, is a target of thalamocortical input (Antonini et al., 1999; Lu and Lin, 1999) , structural analyses in different brain region-, lesion-, and channel-targeting studies suggest that Kv4.2 and Kv4.3 are not contained in presynaptic axons (Sheng et al., 1992; Rhodes et al., 2004; Strassle et al., 2005; Jinno et al., 2005; Chu et al., 2006 ) and therefore are not in thalamocortical terminals. Recordings in layer 4 of rat and mouse somatosensory cortex have shown that I A is present in spiny stellate cells, star pyramids, and fast-spiking interneurons (Massengill et al., 1997; Porter et al., 2001) . Studies in cultured visual cortical neurons indicate that expression of Kv4.2 reduces the excitability of regular-spiking neurons and makes the mode (but not the rate) of repetitive firing and spike-frequency adaptation stimulus invariant (Yuan et al., 2005) . Thus, Kv4 channels may play a role in gating of neuronal firing in thalamocortical input layers. In addition, thalamocortical synaptic input to proximal dendrites of layer 4 neurons (Staiger et al., 1996) may inactivate I A (Migliore et al., 1999) , enable backpropagation of action potentials (Goldberg et al., 2003) , allow pairing of dendritic Ca 2ϩ spikes with inputs from recurrent axons of layer 6 corticothalamic projection neurons to distal layer 4 dendrites (McGuire et al., 1984) , and contribute to an enhancement of thalamocortical responses in layer 4 (Ferster and Lindstrom, 1985) .
In layer 1, Kv4 subunits are most likely expressed in dendritic tufts of layer 2/3 and 5 pyramidal cells and in the somata and dendrites of GABAergic interneurons (Lorente de No, 1992; Zhou and Hablitz, 1996; Chu et al., 2003) . In rat somatosensory cortex, layer 1 dendrites and interneurons receive short-latency inputs from whiskers, which elicit Ca 2ϩ action potentials (Larkum and Zhu, 2002; Zhu and Zhu, 2004) . Similar responses were found after stimulation of excitatory inputs to thin distal dendrites of CA1 pyramidal neurons (Cai et al., 2004; Losonczy and Magee, 2006) . Interestingly, the dendritic responses were increased by blocking of I A , which elevated the firing rate of somatic action potentials (Cai et al., 2004; Losonczy and Magee, 2006) . Thus, Kv4 channels in layer 1 of the somatosensory cortex may have similar gating functions and may play a role in the association of synaptic inputs to different dendritic compartments and the control of spike output of layer 2/3 and 5 pyramidal neurons (Larkum et al., 2001 ).
Kv4.2 and Kv4.3 are expressed at GABAergic synapses but are excluded from excitatory synapses The present electron microscopic analyses demonstrate that in mouse neocortical pyramidal cells and GABAergic neurons, Kv4.2 and Kv4.3 clusters are situated at both synaptic and extrasynaptic locations (Fig. 9) . In contrast, in rat cerebellum, Kv4.2 is located exclusively extrasynaptically at mossy fiber/granule cell synapses (Strassle et al., 2005) . A recent study in rat also suggested that at cerebellar climbing fiber/interneuron contacts, Kv4.3 is associated with specialized nonsynaptic contacts (Kollo et al., 2006) . Similar Kv4.2-expressing nonsynaptic junctions were found at contacts between dendrites of mitral cells in the rat olfactory bulb (Kollo et al., 2006) . However, because we found in Kv4.2 Ϫ/Ϫ and Kv4.3 Ϫ/Ϫ mice that the goat anti-Kv4.2 and -Kv4.3 antibodies from Santa Cruz Biotechnology used by Kollo et al. (2006) do not exclusively detect Kv4 proteins, the identity of the proteins expressed at the proposed novel nonsynaptic junctions remains unclear. Synaptically localized Kv4.2 was previously found in rat supraoptic nucleus and at symmetric, putative inhibitory synapses onto pyramidal cells in mouse parasubiculum ( Alonso and Widmer, 1997; Jinno et al., 2005) . Together with the present findings, these observations suggest that the specific association of Kv4 with synapses depends on the neuronal circuit.
Because A-type K ϩ currents will function to counteract membrane depolarization, it is reasonable that Kv4 channels are excluded from excitatory synapses. But how then is I A modulated by synaptic inputs, as was suggested in a functional model of hippocampal pyramidal neurons (Migliore et al., 1999) ? Imaging of miniature synaptic calcium transients has shown that the depolarization of the postsynaptic membrane spreads beyond the synaptic junction (Murthy et al., 2000) . The spread of subthreshold depolarization may inactivate extrasynaptic Kv4 channels (Migliore et al., 1999) and enable backpropagation of action potentials into distal dendrites (Goldberg et al., 2003) .
What then is the likely role of Kv4 channels at GABAergic synapses? One possibility is that I A channels are modulated by synaptically released GABA or other transmitters to allow shortor long-term modifications of inhibitory synapses. Another possibility is that dendritic Ca 2ϩ spikes during coincident activation by backpropagating action potentials and synaptic inputs (Larkum et al., 2001 ) result in the activation of I A at GABAergic synapses, which clamps the postsynaptic membrane at or near the resting potential and weakens inhibition. Alternatively, I A may shift the membrane potential below the GABA reversal potential (Yuan et al., 2005) into a range at which GABA acts as an excitatory transmitter (Gulledge and Stuart, 2003) . In both scenarios, I A at GABAergic synapses will function to augment dendritic excitation, either by attenuating inhibition or by amplifying excitation. Thus, both the absence of Kv4 channels at excitatory synapses and their presence at inhibitory synapses optimizes dendritic excitation and facilitates the association between presynaptic and postsynaptic activity, influencing the plasticity of synaptic connections. arrows) is expressed in the spine (Sp) membrane but is excluded from the asymmetric synapse formed by a non-GABAergic Gray type 1 axon terminal (AT1). In contrast, Kv4.2 is expressed at a symmetric synapse formed by GABA immunogold-labeled Gray type 2 axon terminal. B, C, Postsynaptic localization of Kv4.3 immunoperoxidase labeling (arrows) at symmetric synapses formed by GABAergic (black dots) Gray type 2 axon terminals onto dendrite (D) and perikaryon (P). Scale bars, 0.5 m. Figure 9. Schematic representation of Kv4.2 (red dots) and Kv4.3 (black dots) subunit distribution in neocortical pyramidal cells (top) and GABAergic interneurons (bottom). A close-up at the bottom right applies to both Kv4.2 and Kv4.3 and shows that Kv4 channels are excluded from excitatory synapses (green) but are present at GABAergic inhibitory synapses (purple). PC, Pyramidal cell.
